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Understanding patterns of linkage disequilibrium (LD) across genomes may facilitate association mapping studies to localize genetic variants
influencing complex diseases, a recognition that led to the International Haplotype Mapping Project (HapMap). Divergent patterns of haplotype
frequency and LD across global populations require that the HapMap database be supplemented with haplotype and LD data from additional
populations. We conducted a pilot study of the LD and haplotype structure of a genomic region in a Korean population. A total of 165 SNPs were
identified in a 200-kb region of 22q13.2 by direct sequencing. Unphased genotype data were generated for 76 SNPs in 90 unrelated Korean
individuals. LD, haplotype diversity, and recombination rates were assessed in this region and compared with the HapMap database. The pattern of
LD and haplotype frequencies of Korean samples showed a high degree of similarity with Japanese data. There was a strong correlation between high
LD and low recombination frequency in this region. We found considerable similarities in local LD patterns between three Asian populations (Han
Chinese, Japanese, and Korean) and the CEPH population. Haplotype frequencies were, however, significantly different between them. Our results
should further the understanding of distinctive Korean genomic features and assist in designing appropriate association studies.
© 2006 Elsevier Inc. All rights reserved.Keywords: SNP identification; linkage disequilibrium; haplotype; Korean populationIn combination with the completion of the human genome
project, recent advances in identifying and genotyping genetic
variants are providing a more detailed understanding of global
patterns of genetic variation. The primary motivation for the
construction of any linkage disequilibrium (LD) map in the
human genome is to facilitate identification and characterization
of genetic variants related to common complex diseases.
Previous studies of LD in humans have shown a high degree
of variability, indicating that LD may extend from a few to
several hundred kilobases [1,2]. For practical applications,
however, the local patterns of haplotype conservation are of
primary interest. Patterns of genetic diversity and LD are shaped
by many factors, including mutation, recombination, selection,
population demography, and genetic drift [3]. Studies of LD
between single-nucleotide polymorphisms (SNPs) and micro-⁎ Corresponding author. Fax: +82 2 354 1063.
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doi:10.1016/j.ygeno.2006.03.003satellites show greater LD in Eurasians than in Africans [4,5].
Mutations that are involved in disease may also differ in
frequency across ethnic groups because of historical selection.
Many common diseases such as hypertension, diabetes, and
obesity, which differ in prevalence across ethnic groups, may
also be influenced by genes that have been under natural
selection. The divergent pattern of haplotype frequencies and
LD across global populations, as well as high levels of
substructure in regions such as Africa, indicates the importance
of characterizing haplotypes and LD across ethnically diverse
populations [6–8].
The International Haplotype Mapping Project (HapMap)
aims to characterize the distribution and extent of LD across the
entire human genome [9]. However, there are some critical
unknowns in association mapping with the HapMap database.
First, it is unclear whether one or a few haplotype maps can
provide useful information for populations not represented in the
HapMap populations. Therefore, the HapMap project, which
Table 1
Summary of SNP identification for a 200-kb region of 22q13.2 in a Korean
sample population
Gene Promoter a 5′UTRb Syn Nonsyn 3′UTR Intron Total
TNFRSF13C – – – – – 2 2
C22orf18 1 1 3 – 1 4 10
SEPT3 1 1 – 1 3 15 21
MGC26816 1 – – 1 – 25 27
NAGA 3 1 – – 1 8 13
LOC150368 1 – 3 1 2 4 11
LOC91689 – – – – – 3 3
NDUFA6 – – – – 1 2 3
LOC246785 3 – – – – – 3
Intergenic
region
– – – – – – 72
Total 10 3 6 3 8 63 165
a Promoter, SNPs within 2 kb of the 5′ end of a gene feature, but not in the
transcript for the gene.
b UTR, untranslated region; Syn, synonymous cSNP; Nonsyn, nonsynonymous
cSNP.
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will need to be expanded with information about other
populations. Second, undetected genomic structure of a
population in case–control association studies can yield false
positive association [10,11]. Thus, knowledge of ethnicity and
statistical tests of substructure are important for the proper
design of case–control association studies and for identifying
disease-predisposing alleles that may differ across ethnic groups.
Here we present a comparison study of the LD and haplotype
structure for a genomic region in chromosome 22 that is
designed to evaluate whether haplotype maps from the HapMap
project are likely to be useful for the Korean population. To find
the best map for such an association study, we investigated the
genomic structure of a 200-kb region in an unrelated Korean
sample population as a pilot study. In July 2004, there were no
available genotype data in the HapMap database for this 200-kb
region of Asian samples. To exclude SNPs that are represen-
tative of monomorphic or rare alleles in the Korean population
from genotyping, we selected 115 SNPs (validated in the
discovery stage with >0.05 minor allele frequency (MAF)) for
the subsequent genotyping stage rather than using the HapMap
or dbSNP database. For SNP discovery, the 200-kb region wasFig. 1. Genomic organization of a 200-kb region of chromosome 22q13.2 and distrib
ancestry from northern and western Europe collected by the Centre d’Etude du Polyscreened by direct sequencing. Unphased genotype data were
generated from 90 unrelated Korean individuals by pyrosequen-
cing. LD, haplotype diversity, and recombination rates in this
region were assessed and compared with the HapMap database.
Results
SNP discovery and genotyping
To find useful markers for analyzing the genomic structure of
Korean population, a 200-kb genomic region encompassing nine
genes was screened by direct sequencing of DNA from 24
unrelated Korean individuals. A total of 165 SNPs, including 10
in promoter regions, 11 in untranslated regions, 9 in coding
regions, 63 in introns, and 72 in intergenic regions, were
identified (Table 1). Of these 165 SNPs, 47 were determined to
be novel by comparing our data with the dbSNP database (build
124; http://www.ncbi.nlm.nih.gov/projects/SNP/). Of 165
SNPs, 115 were selected for genotyping from 90 unrelated
Korean individuals using the pyrosequencing method. Of 115
SNPs, 89 were successfully genotyped; assay failures of the
remaining SNPs were due to PCR failure (9 SNPs) and
genotyping failure (17 SNPs). Of 89 SNPs, 13 (including
8 SNPs violating Hardy–Weinberg equilibrium and 5 SNPs
showing <0.05 MAF) were excluded from the subsequent
analysis. As a result, a total of 76 SNPs were used in analyzing
the pattern of LD and haplotype from the Korean study
population. The average spacing of 76 SNPs was 2.6 kb, but
they were not evenly spaced (Fig. 1). All data for the SNPs
discovered and genotyped from these Korean samples have been
deposited with the KSNP database (http://www.ngri.re.kr/SNP).
Linkage disequilibrium
To investigate patterns of LD in the described 200-kb
region of chromosome 22, two measures of LD (D′ and r2)
were estimated between all pair-wise combinations of markers,
using Haploview version 3.2 (http://www.broad.mit.edu/mpg/
haploview/). The distributions and the list of SNPs analyzed in
the study are shown in Fig. 1 and in Supplementary Table 1,
respectively. Fig. 2a shows LD patterns of the 200-kb region inution of SNP markers in five populations. CEPH, a group of Utah residents with
morphisme Humain.
Fig. 2. Linkage disequilibrium and recombination rates in the 200-kb region of chromosome 22q13.2 shown in Fig. 1. (a) Pair-wise LD patterns in five populations
using r2 (top) and D′ (bottom). (b) Estimation of the recombination rate in five populations.
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pattern between the two measures D′ and r2. Two common
haplotype blocks (frequency ≥0.05) were identified in the
Korean sample population. The first block, spanning 37.6 kb,
encompassed the entire C22orf18 gene and its flanking regions.
The second block, spanning 151 kb, encompassed seven genes
(SEPT3–LOC246785). The Japanese population showed the
largest LD in this region, and the Yoruba population showed the
smallest. Considerable similarities were observed in the LD
pattern between the East Asian populations (Korean, Japanese,
and Han Chinese) and a group of Utah residents with ancestry
from northern and western Europe (CEPH).
We used PHASE version 2.1 to estimate recombination rates
of the 22q13.2 region. The plots of median recombination rates
in each population are presented in Fig. 2b. The patterns of
recombination rates in this region almost corresponded with the
patterns of LD and haplotype block.
Haplotype diversity
We used Haploview software to investigate haplotype
diversity and frequency. To avoid problems associated withFig. 3. The chromosomal positions and LD forthe differences in block boundaries, we selected 14 SNPs
(rs1023500, rs133295, 133299, rs133302, rs710194, rs133306,
rs2097563, rs5758550, rs2301521, rs5758562, rs133368,
rs133370, rs133380, rs4147641) that were commonly geno-
typed in both our Korean sample population and the HapMap
Project. The mean spacing of these 14 SNPs was 10.9 kb. The
locations and allele frequencies of the 14 SNPs are indicated in
Fig. 3 and Table 2, respectively. Results of pair-wise LD
analysis with these 14 SNPs are shown in Fig. 3. There was a
haplotype block composed of 13 SNPs encompassing 98 kb
(SEPT3–NDUFA6) in all populations except the Yoruba
population. In this block, three common haplotypes (types I,
II, and III in Table 3) accounted for 94.4, 93.2, and 92.2% of all
those detected in the Korean, Japanese, and Han Chinese
populations, respectively. In the CEPH population, there were
four common haplotypes (types II, III, IV, and V in Table 3) that
accounted for 98.3% of all those detected in the population. The
block pattern of the Yoruba population was, however, different
from that of the other populations: two haplotype blocks
consisting of six and four SNPs were identified in the Yoruba
population and spanned the interval with 23.8 and 18.8 kb,
respectively (Fig. 3). The pattern of haplotype structure and the14 SNPs genotyped in all five populations.
Table 2
Summary statistics of SNPs analyzed
Korean Japanese Han Chinese CEPH Yoruba
No. of SNPs 76 62 66 66 63
SNP spacing (kb)
Mean 2.6 3.2 3.0 3.0 3.1
Median 1.6 2.1 2.1 2.9 2.9
Maximum 11.5 16.8 14.4 12.4 11.7
Minor allele frequency (MAF)
Mean 0.192 0.186 0.181 0.302 0.316
Median 0.159 0.178 0.189 0.325 0.350
MAF of 14 SNPs a (10.9 kb mean spacing)
Mean 0.157 0.171 0.175 0.288 0.283
Median 0.144 0.148 0.184 0.284 0.300
a These SNPs were genotyped in both our Korean samples and the
International HapMap Project.
Fig. 4. Fixation index (FST) of SNP allele frequencies for the 14 SNPs shown in
Fig. 3 across populations. SNP allele frequencies varied between ethnic groups.
Median FST values are indicated on each plot.
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similar to those of the Japanese and Han Chinese populations
(Table 3). The order of the most frequent and second most
frequent haplotypes in the Korean samples was reversed in the
Japanese population.
To assess differences in allele frequencies across ethnic
groups, the standardized variance (FST) for allele frequency was
measured for these 14 SNPs. The pair-wise FST values between
the Korean and the other populations are presented in Fig. 4.
The Japanese population showed the lowest FST values, and the
Yoruba population showed the highest FST values.
In tagging SNP (htSNP) analysis, two or three htSNPs were
determined to be sufficient to define the common haplotypes in
all populations studied except the Yoruba population (data not
shown).
Discussion
Selection of an informative subset of common SNPs for use
in association studies is necessary to provide sufficient power
to assess the causal role of common DNA variation in complex
human traits. In this report, we conducted fine-mapping of a
200-kb genomic region encompassing nine genes in a Korean
population. As a result of SNP discovery, a total of 165 SNPs
(118 known SNPs and 47 novel SNPs) were identified; 43
(91%) of the novel SNPs were located in noncoding regions.
One limitation of the present study was a relatively low
number of SNPs identified upon resequencing the 200-kb
region. This was because only 60% of the 200-kb region wasTable 3
Haplotype diversity in five different populations
Haplotype Korean (%) Japanes
Type I GACGAGACGCCCC 43.2 38.6
Type II GACGAGACGCCTC 39.0 43.2
Type III AGTCGAGGCTTCG 12.2 11.4
Type IV GACGGGAGCTTCG 2.8 4.5
Type V GACGGGACGCCTC 0.0 0.0fully screened for all 48 chromosomes, thus making it
unattainable to identify every single variant. However,
additional SNP markers were not necessary to analyze LD in
our Korean sample, since the span of 22q13.2 under
investigation was found to have only two or three LD blocks
that encompass almost the entire 200-kb region in the Korean,
Japanese, Han Chinese, and CEPH populations.
To understand the empirical pattern of LD, we genotyped 90
unrelated Korean individuals with the 115 SNPs identified in
Korean samples. As these 90 individuals were the subjects from
whom the 24 individuals previously analyzed for SNP discovery
were selected, we assessed the concordance of genotype data
between the two groups. Our data from pyrosequencing are 98%
concordant with the SNP discovery data. The distribution of
discordant genotypes is very nonrandom; only 3 (4%) of the 76
SNPs account for 55% of all the discrepancies.
Analysis of LD based on Gabriel’s definition showed a
strong and large block in this region [4]. This block spanned
151 kb and encompassed seven genes including the gene
encoding N-acetylgalactosaminidase α (NAGA), which is
known to be related to Schindler disease types I and II (type
II also known as Kanzaki disease) [12]. We used the HapMap
database to compare local LD patterns in different populations.
There were two or three blocks encompassing 94–98% of the
200-kb region in the Korean, Japanese, Han Chinese, and CEPH
populations. In contrast, the Yoruba population had three
relatively small blocks encompassing 47% of the region (Fig.
2). Reports of genetic variation using many types of markers in
multiple populations show general similarity with our results,
indicating higher levels of genetic variation in Africane (%) Han Chinese (%) CEPH (%) Yoruba (%)
52.2 0.0 0.0
26.7 45.0 2.6
13.3 22.5 3.3
4.4 8.3 0.8
1.1 22.5 34.1
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results are consistent with human demographic history in which
ancestral African populations have maintained a larger effective
population size and have had more time for recombination and
mutation to reduce LD. The bottleneck associated with the
expansion of modern humans out of Africa resulted in many of
the African haplotypes being lost, leading to greater LD in non-
African populations [13]. Therefore, we measured recombina-
tion rates in the 200-kb region and compared them with LD
pattern. There was a strong correlation between high LD and
low recombination frequency (Fig. 2) [1]. Two points in the
intergenic region between C22orf18 and SEPT3 represented
high recombination rates and were expected to be possible
recombination hot spots. Recombination hot spots are a
ubiquitous feature of the human genome, occurring on average
every 200 kb or less, but recombination occurs preferentially
outside genes [14].
For the comparative analysis of haplotype frequency among
different populations, we selected 14 SNPs that were genotyped
in both our Korean sample group and the International HapMap
Project. There were considerable differences in common
haplotype frequency between three Asian populations (Korean,
Japanese, and Han Chinese) and the CEPH population (Table 3).
The haplotype GACGAGACGCCCC (type I in Table 3)
occurred with high frequency in the Korean, Japanese, and
Han Chinese populations (38.6–52.2%) but was not found in the
CEPH population. Conversely, the haplotype GACGG-
GACGCCTC (type V in Table 3) occurred with a frequency of
22.5% in the CEPH population but was not found or was rarely
found in the Korean, Japanese, and Han Chinese populations.
Phylogenetic analysis with TCS software [15] suggests the
possibility that the type I and type V haplotypes were derived
from the haplotype GACGAGACGCCTC (type II in Table 3).
The type I and type V haplotypes differ from type II at
SNP06 (rs133306) and SNP13 (rs133380), respectively.
Therefore, rs133306 and rs133380 can be used for admixture
studies as informative markers, because they have very different
allele frequencies across populations from different regions.
FST is a measure of the genetic differentiation over
subpopulations. Therefore, the low FST values between the
Korean and the Japanese populations may reflect either recent
common ancestry or high levels of migration between them
(Fig. 4). Although it is debatable whether the results from the
selected 200-kb region reflect the genomic divergence of both
populations, there were considerable similarities in haplotype
frequency and FST value, reflecting strong genetic affinities
between the Korean and the Japanese populations [16]. It is
unlikely, however, that a single haplotype map (such as that
for the Japanese population in HapMap) will provide a
definitive guide for association studies of many populations.
Therefore, multiple maps are needed to provide improved
guides for gene mapping [17]. Our results should help to
refine the genomic structure in this region and to design
case–control association studies involving the Korean popu-
lation. Further studies on various regions across populations
will facilitate the proper design of association studies of
common complex diseases.Material and methods
DNA samples
DNA samples were obtained from 90 unrelated healthy Korean individuals
enrolled in a cohort study as part of the Korean Health and Genome
Epidemiology Study (http://cdc.go.kr). Of the 90 individuals, 24 were selected
to represent the age and sex ratio of the total sample andwere separately analyzed
for SNP discovery. All of these samples were collected from urban areas in Seoul
with proper informed consent and were deposited in the BioBank for Health
Sciences in the Korean National Institute of Health. Their mean (±SD) age was
54.4 (±8.7) years (range, 40–69 years) and the sex ratio (male:female) was
1:1. Genomic DNA was extracted from EB virus-transformed lymphocytes
using the PUREGENE DNA isolation kit (Gentra Systems).
SNP discovery
For the sequencing analysis, the sequence of a 200-kb region (TNFRSF13C–
LOC246785) was obtained from the GenBank database to design PCR primers
(http://www.ncbi/nlm.nih.gov/). PCR primers were designed using Primer3
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). PCR for direct
sequencing was performed with 20 ng genomic DNA in the GeneAmp PCR
System 9700 (Applied Biosystems). PCR products were used as templates for
the sequencing analysis using the BigDye Terminator Cycle Sequencing Kit
(Applied Biosystems) and the 3730 DNA analyzer (Applied Biosystems). SNPs
were detected by multiple alignments of sequences using the Phred/Phrap/
Consed package and PolyPhred [18–20].
Genotyping
Pyrosequencing was used to genotype each genomic DNA sample for SNP
markers [21]. PCR and sequencing primers were designed using PSQ Assay
Design software (version 1.06). Biotinylated PCR products were generated from
6 ng of genomic DNA and were purified by binding to streptavidin–Sepharose
beads using a standard protocol (http://www.pyrosequencing.com/). The
resulting single-stranded template was annealed with the sequencing primer
for 2 min at 80°C, cooled to room temperature, and sequenced in a PSQ96MA
Pyrosequencing instrument (Biotage). Successful genotyping assays were
defined as those in which ≥75% of all genotyping calls were obtained and all
quality checks passed.
HapMap database
We used the genotype data of the HapMap database (http://www.hapmap.
org/genotypes/) to conduct comparison studies in different populations. To avoid
problems associated with the differences in sample organization, we excluded
samples from children in the CEPH and Yoruba populations.
Statistical analysis
We used Haploview version 3.2 for the analysis of LD and haplotype block
and tagging SNP detection [22]. We defined LD blocks according to the
haplotype block definition of Gabriel [4]. This method defines pairs to be in
strong LD if the one-sided upper 95% confidence bound on D′ is >0.98 and the
lower bound is above 0.7. To measure the differences in allele frequencies
between populations, FST was calculated as r2=ðp ̂ð1−p̂ÞÞ: TCS software was
used to perform the phylogenetic analysis of common haplotypes [15].
Historical recombination rate estimation
We estimated recombination rates from genotype data established for 62–76
SNPs in each population, using PHASE (version 2.1) with the setting ×10 and
103 iterations, as recommended in the accompanying documentation (http://
www.stat.washington.edu/stephens/instruct2.1.pdf) [23,24].
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